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The objective of the investigation is to develop a functionai
classification for gouge materisl as related o the stability problems
in underground openings. To acconb:!,as‘x this objective, an extensive
literature search has-been undertaken along with on-site case studies,
and -iaboratory investigations.

Background material is presented in Chapters I1I and IV by dis-
cussing ciassification schemes for rock masses and.discontinuities
and the characteristics «f .gouge material.. Ehapter IV:lists the
stability probleas caused by fault undc_t.\,r-upd and g1¢Es cace histories.
The testing program for this project and the.cases studied are given
in- Chcytet VI. Finally a Tentative Clacsificztion for Fault-Touge
Material is presented in-Chapter VII.
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TECHHICAL REPORT SUMMARY

This report summarizes some findings during the first year of a cwo~

year effort for establishing a functional classification of gouge material

T

from seams and faults as related zc stability problems in underg-sund

ek e 7

oy

openings-

The ciassification of rock masses in general and discontinuities in

TR T,

) pz-ticular are discussed in part 1II. It is pointed out tha% disccatinuities

b LA

should be characterized using three different criteria, namely scale, based

Wit b

m

on spertwre, persistence and typical spacing; character, based c¢n smoothness,

bt

and the properties cf filling material or coatirgs (if any); and stremjth

o
I
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and deforazbility, based on measurea values cotained through testing  Five

groups are suggested according tc scale, Suven groups ai.ording to character.
It 1s emphasized that the character of ~ Jiscontinuicy is as impcrrant,
sometimes more important than scile per se.

Sone major characteristics of goug - material are discussed priediy
in part IV. The gouge material will sometimes have the character o:f "crushed
= rozk." Much more common is subsequent hydrothermal alterations and/or the
; deposition of hydrothermal producte that are not associated with the petro-
graphy of the crushed rock or the wallrock. Thus, the mineralization in &
fault is not necessarily a functica of the components present prior -o the
hrdrothermal action. Close to the surface, chemical weathering may have
leached or changed the gruge. At depth, th~ minz::lization may reflect
low-grade metsro-.phiss during faulting.

The properties of the gouge materiazl in a fault or seam aTe only one

of many f:..ctors that influence the stability of an underground opening in

the vicanity of thke fault o- seam. Other factors are the size and shape of
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the opening, method of excavation, method of support or reinforcement and g
i lining, time ellapsad after excavation, the width of the fault or seam and g
; H its strike and dip in relation to the opening, adjacent fauits or seams g
i ; (if any), the frequency, orientation and character of joints in the adjacent g
g ? rock, the competence of the wall rock, the in-gitu stress in the gcuge, and §
% the water regime. These factors are discussed in part V, that also includes %
% a summary of a number of slides in undergrouri openings involving faults %
i or seams. §
é Laboratory and field investigations carried cut to date are reported i
; in part VI. These investigations are directed at obtaining identification §
f criteria for the different types of gouge materizl in terms of strength, g
i deformability, swellability and siakeability. §
; A tentative classification of gouge material is suggested in part VII, §
% based on 5 types cf dominant material in the gouge. The potential behavior %
4 of the different tynmes at the face and later is listed, and pertinent prop- %
é erties and parameters to be assersed or measured identified. Finally, the j%
g classification lists all factors that will influence the actual behavior. %
.; During the second year, the classification will be adjusted as
é necessary, and "quantified”" to the extent possible. The final report will
? alsc include a broad discussion on proper selection of excavation methods
.} and support and liaiing systems through different types of gouge material. 2
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I. PREFACE

This investigation was au:horized by the Advanced Research Project
Agency (ARPA) and was performed between February 12, 1971 and February 1i,

1972 under Contract N. H0210023 between thz Bureau of Mines acting as an agent
for ARPA, and the Regents of the University of California, Berkeley. The re-
port summarizes some findings made during the first year of a two~year effort
for establishing a functional classification of gouge material from seams and
faults as related to stability problems in underground openings. The second
year, authorized under Contract No. H022022, w..l be used to continue the 1n~
vestigation of gouge material, and verify resul :s obtained so far. Also, an
investigation of proper construction procedure and support merhods when tunnell-
ing through fault zones will be carried ocut.

In addition to the authors of this report, several graduate stidents in
Geotechnical Engiaeering at the University of California, Berkeley have con~
tributed to the work. Mr. Charles E. Glass was a Research Assistan:t ta the project
during the Spring of 1971. Mr. Andre Kollbrunner assisted in the field in-
vestigations carried out at Straight Creek Tunnel, Colorado, during the summer
of 1971 and in surveylirg literature in German. Mr. Jon Benoist has been working
as a Research Assistant since Januvary 1, 1972 assisting in the 1aboratory in-
veastigations.

The investigators ackuowledge the valuable help given by many engineers
and geologists in the course of the field investigations and the sampling of
gouge material. This includes Mr. R. C. Hooper, Districi Engineer, Mr. john Post,
Ergineering Geologist, and other personnel with the Colorado Division of Highways
at Straight Creek; personnel with the Straight Creek Contractors; with the

Bureau of Mines in Denve.; with the Bureau of Reclamation in Colorado and at
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the Auburn Dam Site in California; and Mr. B. Seegmiller, Retecvtch £ngineer
with the Anaconda Company. ;
The review of Mr. T. A. Lang, President, Leeds, Hill and Jewett, ’

Consulting Engineers, Sci Francisco and Lecturer with the University of

California, Berkeley is gratefully acknowledged.
During the work pericd covered by this report the project was monitoraed
. for the major part of the time by Mr. James J. Olson, and late. by
= ) Mr. C. H. Von Hessert, both with the Buveau of Mines, Minneapolis Research q
Center. Their valuable suggestions and cooperation are appreciated.
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IT. INTRODUCTION

Stability of an underground opening can be defined in several ways. Tc
geolog.:-sts ana eagineers that are used to working in geological envircmments

where the major ,arcs of the works after careful scaling can be left unscpperted

during the coastruction period as well as during operation, any rock mass be-

L S N N BN v BB i A s

b-. ‘or that requires rein’orcement, support or lining may be regarded as a

eI

)

E * bility probls... To colleagues excavating underground openings in geclogical

i, enviormments that require continuous use of reinforcesment or support and lining
g_ "stability problems" are cften associated only with those parts of the work %
% vhere "standard” construction procedure and method of reinfcrcement or support §
i and lining is inadequatre, and spe .ial measures therefore needed. In either g
% case, a major objective is ts assess the stability problems corr2ctly - as tar g
g as possible at the planning stage - and choose metheds for excavaticn and rein- %
% forcemént cr support that will bring the opening safelv and as economical as %
2 £
; possible through the problem areas. %
é, Tunnels and other underground operings are fundamentally different than §
{ most civil engineering structures in several respects. Through careful in- %
TEE vestigation at the pianning stage of an underground vpening, it is often §
-g possible to improve stability and reduce cost by finding tha most favorable E
%% placing, orientation, shape of operning and excavation procedurz. However, it %
; is in general not possible to choose a particularly favorable rock mass in %
P 5
A% which to place the opeaing. As opposed to most other civil engineering works %
E: 3
% it is therefore not pissible tn "choose" the most suitable materials. §
'é Secondly, the present knowledge of the structurzl properties and behavicr ,g
.i; of rock masses is quite limited when compared to the knowlkdge of most other é%
s 2
‘z civil engineering materials, e.g., concrete and steel. There are several fazets §§
> ! i s -ag
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to this problem. Rock masses are so variable in nature that the chance for

ever finding a commcn set of parameters and a common set of constitutive

equations valid for all rock masses is quite remote. Simplified engineering-

A LATEEI B IS Gt

geological classifications as well as sophisticated mathematical formulations

have in many instances proven to be valuable tools in assessing rock mass

RETTOLoIg § e

i

behavior. However, they are often both in literature as well as in engineering

practice given a _general validity although they may often be highly inadequate

y-vlh‘hd: t A N‘;' : ’l.’ bk

both from the point of view of restrictive ziysumptions, and from the point

of view of the variability of rock masses. Therefore, they are often more

4

YU o il & e W

misleading than helpful, giving a fault feeling of adequate design procedures.

The problem of ascribing the correct properties to rock masses are

further compounded in many instances by changes in properties duve to environ-
mentul changes such as drying and rewetting.

Thirdly, almost unique to underground openings is chat they "puncture”
existing stress fieids. Later, the significance of this wiii be discussed in

more detail. Here it should only be emphasized that increased stresses do not

necessarily mean increased instability. Wwhile for mest other civii engineering
works, structures will be designed to keep stresses in the different componants
below given levels, problems in tunnels have often been associated with in-
sufficient in-situ stress, causing instability.

Finally, underground openings are different from most other civil engineer-~
ing works in that the "loads" that will develop are often difficult to define,

not least because they in a given rock mass are dependent on the size and

2 shape of the opening, the excavation procedure, and the method of reinforcement,

;q;

support or lining. As will be discussed later, time is in ghis coonection a

most important parameter.
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However poor and erratic knowledge of rock mass behavior is at presert
compared with the knowledge for most other civil engineering materials and
structures, ''quantitative' decisions have tc be made regarding excavation
procedure as well as type and "amount' of reinforcemert or support and lining.
The choice of correct methods and procedures for driving openings through faults
and seams has proven to be among the most difficult assessments. One of the
factors that strongly influences the outcome are the properties and behavior of
the gouge materials in these discontinuities. The purpcse of the ongoing effort
is to develop a functional classification system for such materiais, functional
in the sense that it can be readily understood and used and at the same time
lead to a correct assessment of methods and procedures needed to insure a
safe and econcwical opening both during construction veriod and for the iife-

time of the project.
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ITT. CLASSIFICATION OF ROCK MASSES AND DISCONTINUITIES

One of the first efforts to classify rock masses ir terms of the rock
loads that may be mobilized against support in an underground cpening was made
by Bierbaumer (1913) in Leipzig. Between the World Wars the development in
Central Europe was led by Professor Stini; his textbook on tunnel geolugy
(1950) includes a classification of rock masses, and a very detailed and well
documented treatise of adverse conditions in tunnelling. More recently, classi-

fication systems have been suggested by Rabcewicz (1957) and Lauifer {1958).

Rabcewicz's work is known in the United States through several papers in Water

Power describing the so-called Austrian tunneling method. The basic principle
of this method is to imstall reinforcement or support as fast as possible after
excavation in order to secure that the inward movement of the rock mass is
kept at the minimum. The method has sometimes been assumed to be synoncmous
with the use of shotcrete, while it in general includes any measure that can
rapidly be applied close to the face.

The very important .:ontribution by Lauffer is his emphasis of the impor-

tance of "stand-up time' relating for different classes of rock masses the time

an opening can stand unsupported to the "active span." The active span is

the width of the tunnel or the distance from support to the face in case this
is less than the width of the tunnel. Other major contributions from Central
Europe includes the work by Zaruba and Mencl (1961), Kastner (1962) and Muller
{1963).

In Scandinavia, where extensive use of underground opanings has teen
made during the last thrity years, classification systems that either fully or
in part refers to tunnelling conditions have in Sweden been suggested dy

Bergmann (1965); Hansagi (1965), and Hagerman (1965). In Norway, Selmer-Olsen
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(1964) and co-workers have used a more "individual" approach, assessing as
detailed as poscible the extent of particular problems to be met in each
underground opening, and ascribing ia each case the remedial measures that
szem necessary and sufficient. This approach has proven to be the most re-
warding both technically and economically under the generally good tunnelling
conditions in Norway.

In the United States, the classification system proposed by Terzaghi
- ) (1946) has for the last 25 years been completely dominant, either in its
v original form or with some modifications. More recently, a classification
based on medified core recovery (RQD) suggested by Professor Deere vf the

University of Illinois, has found considerable use.

5_? Fach one of the classification systems available his tried to meet the
';z following requirements:
i (1) being simple and meaniagful in terms.
;1? (2) being based on parameters that can be measuced or assessed
.{:E rasidly and inexpeusively.

- (3) being exact enough to yield quantitative data that can readily be
- applied in engineering design.

Most of them have proven to be of great value in geological engineering
when carefully used, considering the conditions that are specific to each
individual site. On the other hand, most of them are continuously misused
because the premises for and assumptions made in developing the classification

p systems have not been carefully studied by the users, and because they have
:% been given a validity for 'quantification" of rock mass behavior that is far
i more general than was intended by their authors.

Most of these classification systems include rock conditions typical
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"Completely Crushed but Chemically Intact", "Squeezing Ground, Moderate Depth",
"Squeezing Ground, Great Depth", and "Swelling Rcck.”

Bafore a further discussion is given on faults, it seems advantageoue to
discuss in some detail discontinuities in rock masses in general.

Such discontinuities are surfaces of rupture resulting from failure under
natural forces. In addition, fractures may be induced during blasting and
due to stress relief. Such fractures are nct considered here, nor is renewed
rupture that may take place due to an earthquake during the lifetime of an
underground opening transversing an active fault.

Discontinuities are formed through failure in excension/tension, in
shear, or in more ccmplex failure through a combination of both. Rupture sur-
faces from axtension are characteristically rough and clean with little detritus.
If such surfaces are pressed back together and a direct shear test performed,
the resul.ing iload-deformation curve would display a peak rising weil above
the residual strength which would only be reached at large valves of displace-
mant,

Simple surfaces of shearing are characteristically smocth with vonsiderable
detritus. A direct shear test along the surface would not yield as gr:at a
contrast batween peak and residual strergth as in the case of extension fracture.
Furthermore, discontinuities formed in shear are in general much more suscepti-
ble to alteration than are those formed in extension. Normally, such alteration
leads to a lowering of the strength and to other disadvantageous conditiors for
construction.

As to a more detalled classificativn of discontinuities, there arce not
any distinct and generally accepted rules or nomenclature for engineering pur-

poses. However it seems reasonable to make use of th:ee criteria for classifi-

L N
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SCALE, based on aperturs, persistence and typical spacing.
CHARACTER, based on smoothness and the properties of filling material or

coatings if any.

STRENGTH AND DEFORMABILITY, based on measured values obtained in the

laboratory and field testing.

A. Scale

Figure 1 gives a breakdown in five classes according to scale. Micro-
fissures are included in the table although they are usually considered a rock
ryne characteristic. They are flaws in the rock ¢ype rather than genuine dis-
continuities.

Bedding plane and foliation partings are geparatiuns parallel to a
mineralogically defined weakness direction in the reck- Since they are most
often tight and rough, they may not be of major concern unless their crienta-

tion slone or in combination with other discontinuities is unfavorable ia

relation to the orientation and shape of the underground opening. For instance,

close norizontal partinss in a tunnel roof may necessitate a rather pointed

cruss-sectionral profile and bolting of the tianks - partings, aad in particular

foliation partings sre often developed to ioints. They should thea be

Slassified as such.

Joints and seams are the discontinuities described by Selmer-Olsen (1964)

as the "detailed discontinuity pattern.” The term "seam" indicates a minor,
ofcen clay-filled zone with a thickness of a few inches. When occurring as a

weak clay zone Iin a sedimentary sequence, a seam can be considerably thicker.

Otherwise, seams may represent very minor faults or altered zones along jointe,

dikes, beds cr foliation.
Joints have a great variety in aperture, persistence, frequency and

character. Many geologists will reserve the term for typical extension dis-

continuities, without any perceptable movement along the joint. Here, however,

doint 1s used as a scale term and therefore also includes minor shear ruptures.
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Classification of Discontinuities According t» Scale

Name Typical Spacing

2"

104
Microfissures NEWY, 0.1 in.

!y
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(Usually considered a rock type characteristic)

Bedding and

foliation partings 1" to several inches

Toiars .a, wd lm A. Seveva!l <nzhes te several

',_ i ( tcet
E Seams (B) B. Tenths of fee:

3 200"
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Minor faults / Tenths to hundreds of feet

2000°'

k- Major faults / Hundreds to thousands of feet
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The aperture may vary from tight to a fraction of an inch, the persistance
from less than a foot to hundreds of feet; exceptionally a mile (tectonic
sheet joints).

A typical featura of joints (and also often of seams) is that they occur
in gets. In each set, the joints have approximately the same strike and
dip, and usually the same character at least over a certain area, e.g. a few
square miles. The joint system of a rock mass is usually made up of three
or four sets. One or two sets can be completely dominating in frequency. A
few "wild" joints and seams not belonging to the joint sets are not uncommon,
and it also happens that the jointing is mosaic, i.e. there are apparently no
distinct sets present in the joint system. Granitic rock masses may have a
mosaic joiut pattern but will more often have a joint system that yields
roughly cutic rock blocks. Regional metamorphic rocks often have a system
yielding rhombic rock blocks. Thick lava beds often have columnar jointing
yielding hexogoral, prismatic rock blocks. In folds, sets often develop
parallel to bedding, radial along the fold axis, and perperdicular to the
fold azis.

Sheet joints or l1ift joints are spalling features resulting from ex-
tension failure due to unloading (e.g. erosion of overlying masses) or very
high residual strusses due to other causes, They are best developed in
massive rock manses, e.g. many places in the Sierra Nevada granodiorite
batholite. They run almost parallel to the surface, and rapidly decrease in
frequency in depth.

A particular kind of joints often found in rzgional metamorphic rock
masses are the so-called "fiederspalten" or "feather cracks.” They are

tensile ruptures and they vary in size from inches to hundreds of feet.
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Fau.ts are the major rupture zones encountered. Minor faults range in
width from several inches to several feet: major faults from several to hundreds,
occasionally thousands of feet. In geology, great attenticn is ziven to the
relative displacement along fault zones, and the faults are basically classified
as normal, reverse, .ateral and thrust faults, From an engineering point of
view, this claseification may not be of great i.iportance. More important is

the realization cthat most fault zones are the result of numerous ruptures
throughout geological time, and that they quite often have other parallel dis-
continuities that decrease in frequency and thickness when moving away from

the central zone.
B. Character

It is just as important - often more important - to classify discontin~-
uities according to cheracter as it is to note their scale parameters. For
partiags and joints, the first distinction can be made betweea rough versus
smooth surfaces. The latter will most ofter be much more severed from an
engineering point of viev than a rough discontinuity. Secondly, it is important
to distinguish between maicr types of coating and/or filling maracials. I-
seems relevant to discuss seven groups.

(1) Joints, seams and scmetimes even minor faults may be healed
through percipitation from solutions of quartz or calcite. In this instance,
the discortinuity may be "weided" together. Such discontinuities may, however,
have broken up again, formiug new surfaces. Also, it should be emphasized
that quartz and calcite may well be present in a discontinuity without healing
it.

(2) Clean discontinuities i.e., without fillings or ccatings. Many
of the rough joints or partings have this favorable character. Close to the
surface, however, it is imperative not to confuse clean discontinuities with

"empty" discontinujties where filling material haa been leached and washed
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awrs due te surface weathering.

(3) Cslcite fillings may, particularly when they are porous or :
flaky, dissolve during the lifetime of an underground opening. Their contribu-
tlor tc th: strength of tbe rocx mess will then, ~f course, disappear. This ;
is a long time stsbility (ana sometimes fluid flow) proble= that can easiLy
be overlooked curing dasign and construction. Gypsum fillings may behave the
same way.

(4) Coatings or fillings of cliocrite, talc and graphite give very
slippery, i.e. low strength, joint, seams or faults, ia particular when wet.

(5) Inactive clay material in seams and faults naturally represents a

very weak wmaterial that may squeeze ci “e washed out.
{(6) Swelling clay may cause serious problems through free swell and

consequent loss of strength, or through considerable swelling pressure when

confined.
(7) Material that has been altered to & more cohesionless material
(sand~like) may run or flow I-to *he tunnel immediately following excavation.
i1t should only be emphasized again that the character of the discontinui-
ties is at least as important as frequency from an engineering point of view.
Thus, joint frequency per se is not sufficient basis for evaluating the be-
havior of a jointed rock mass. A much more complete classification, and at
the same time, short and meaningful, would be for exampie "sleek, chloritic,
persistant joints spaced 2 ft -~ 4 ft", or "1 in ~ 2 in seam carryiag highly

consolidated sweiling clay and porous calcite."
C. Strength and Deformability

The shear strength end deformation characteristics of joints are
presently being studied by R, E. Goodman and co-workers under Contract H0210020.

Their investigation includ/ . variations in normal stress, roughness, thickness
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of £illing, shear rate, cleftwater pressure and back pressure.

Through the development of the so-callad "joint element” (Goodman, Taylor, é
1 and Brekke, 1968) it bec:me feasible by finite slemenZ analysis to study the
f behavior of jointed rock masses. ©Originally, the 2lement behavior was defined
as having no strength in tension, a shear strength (cohesifon and friction), a
normal stiffness, and a shear stifrness, and a classification system was
suggested on the basis of these parameters. Later, dilatancy has been in~-
cluded (Dubois and Goodman, 1971).

The joint element is one-dinensional. As such, it is quite adequate

for modelling the detailed discontinuity pattern in a "blocky" rocl =zass.
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For a stability analysis of a tunnel through a fault zone, however, it seems

from a scale point of view more realistic to model the zone as a twc-

dimensional, preferably three~dimensional continuum media. The major pro-

blem is to decide on the correct constituative equations for the behavier of

e the gouge ma*erial. Hopefully, the shear test data and the field data when

analyzed can contribute to some extent to solve this pr.blem.
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& IV. CHARACTERISTICS OF GOUGE MATERIAL

Gouge material i3 very seldom uniform, reflecting that numerous move-

3 ments have taken place within the fault zone. Blocks, or even plates, of
;§ intact rock may “float" in a basic matrix of soft material, that agaia may
; have bands o .:ams of hard material, e.g. quartz or calcite. Thus, fault
gouge is normally a very complex material btoth in regard to mineralization
? and in regard to physical properties.

The gouge material will sometimes have the character of unaltered

"erushed rock." Much more common is subsequent hydrothermal alteracions

i ik g i

and/or thc deposition of hydrothermal products that are not associated with

the petrography cf the crushed rock or the wall rock. This is most impor-

o T T AT

tant since it implies that the minerzlization in faults and seams is not
necessarily a function of the "original” composition of the rock mass .n the

faulted area. Therefore, a given mineralization, e.g. of z-acific cl:iy

i T

E minerals, cannot be excluded on the basis of the minerals present prior to
3 the hydrothermal action. On the other hand, the susceptibility for
£ alteration of the "original" rock obvious® - depends on its mineralogy.

Much of the information published on wall rock alteration is in
connection with hydrothermally deposited ore bodies (Grim, 1970). 1If hydro-
thermal alteraticn is intense (high temperature, long duration) the altera-
tion product will tend to be the same regardless of the rarent rock except
for carbonate and quartzitic rocks. Limestones tend toward silicification,
and dolomites tend toward the magnesium-rich clay minerals.

If hydrothermal alteration is slight, the primary minerals determine
the end product. The magnesium-rich minerals (hornblende, biotite) change

to chlorites. In the presence of alkalies, except potassium, the micas. the

ﬁ‘b— s
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ferromagnesium minerals, and plagioclase tend to alter to montmorillonite.
The presence of magnesium favors the formation of montmorillonite and potash
favors micas. In general, basic igneous rocks tend to alter to moncmorill-
onite. Kaolinite may form from any rock if the alkalies are absent or if
the ¢onditions are acidic and at a moderate temperzature.

To summarize, it should be remembered that the alterction products are
a function of the composition and pH of the invading fluids, their tempera-
ture and pressure, and of the composition of the material ir the fault zone
pricr to the hydrothermal action.

Close to the surface, the filling material may have been exposed to
chemical weathering. To a large extent, weathering &nd hydrothe.mal altera-
tion will yield the same products. The difference is the depth of action of
the two processes. Weathering occurs near the surface due to the influence
of mateoric waters and ai:v and hydrothermzl alteration occurs at depth due
to juvenile water, Wcotheriss 15 tuerefore not a large factor in the formation
of gouge.

Many factors control weathering. and it is difficult, if nct impossible,
to generalize the relative importance of the various fectors. Weathering is
the process o! ion exchange whereby rocks and soils which are unstable in
their enviornment are altered to a more stable product. The products of
weathering are generally quartz, hydrated sesquioxides of iron and aluminum,
and the clay minerals. The minerals of engineering importauce are the clays,
and their production depends primarily on the weathering enviornment and
time.

Parent rock type is of course important, but mainly in the initial stages
of weathering. Fillings containing kaolinite and fillings containing munt-

moriilonite can both develop from the same parent rock given different climatic

=3 ARSI T K e

N T R ) B A R S R R I R ST N T A 2 S S S T LT ATSUTR T EN RIS L T W I e ey

16

- o~

E
b
=
=z
=
e
3
;
=
]
4
4
g
E
3
E
s
ol
]
2
=
3
=

RSkt

!
%q‘mWuu-‘r‘u‘.‘vmmm.tluMW"'«.T’WNMH‘;&iﬁ:n!&’l:,i:G"rﬁ“..»‘11’!?,0".11:“.1'il!s{u’ﬁw.rlmmﬂl'.‘ﬂu’rM!‘oImMMJ:'m"MMMuIMh!.#mMmt,'s Sk A A 0 A B A N AL WS AN o L K8,




R T o T R A A R S S T QR ) e P A S 0, o i RS A SR G R st o ‘}}"ﬂﬁﬁuw‘u}x%‘r,‘:).-,w):,:z:‘:;{g

17

< conditions and time. Conversely, the same clay can be developed from different
: rocks given enocugh time,

Kaolinite, the most common clay mineral, is formed under conditions which
remove the alkalies and can form from any rock type. Kaolinite is the charac-
teristic clay mineral in humid regions and is generally associated with acidic
rocks.

Montmorillonite clays are formed in dry, cool clirates under poor oxidiz-
ing conditions. Allkaline solutions favor their formation. The addition of
potassium favors the formation of illite.

Perhaps the most important result of chemical weathering in discontinui-

ties close to the surface is the leaching away of material, leaving "empty"
discontinuities. Coupled with low confining stresses, such discontinuities
will drastically reduce rock mass stability. :

Finally, filling material may have been exposed to low-grade metamor-

phism during faulting. The ensuing products may later have been altered

LR TR TIPRTT DR

through hydrothermal action or weathering.

Sometimes clay fillings with a very low degree of consolidation have )
encountered at considerable depth (Brekke and Selmer-Olsen, 1965). Such
occurrences seem to be hydrothermal products deposited in "pockets" in tha
fault zone. On the other hand, the well-arranged particles of clay minerals
ensuing from hydrothermai alteration of e.g. feldspars wmay have an extremely
high density.

Fault gouge is normally impervious, with the major exception being sand-

like gouge. Otherwise, high permeability js usually associated with the rock

-
RSN

mass immediately adjacent to the fault zone. This high permeability is due
to the high degree of jointing often found adjacent to faults. As will be

elucidated later, high water inflcws in underground openings encounterrd when
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V. STABILITY PROBLEMS CAUSEC BY FAILTS AND SEAMS

A. Factors Influencing the Stability

The stability problems that favlts and seams may cause underground
are dependent on several factors. All of thase interplay in the final be-~
havior of the rock mass. It is therefore somewhat dangerous to isolate the
different factors without viewing their influence in an overall context.

However, it may be helpful to list some of the observations that can te drawn

from documented experience regarding the influence of the different faccors.
The first pgroup of facto~s that can be listed relates to the opening
itself, the size and shape, the method of excavation, and the method of
support or reinforcement.
The influence of the size of the opening has two facszes, namely on the
standup time, ana on the ultimate ioads that mighc deveicp wuile tue stancup
3 time problem is strictliy a construction problem, the ultimate lcad that may
develop can influence stabiiity during construction as weil as duzing opera-
tion.
Terzaghi (1946) found that the loads will increase linearily with size
except for swelling grounds where high swelling pressures may develop regard-

less of the size of the opening. Either chrough the use of Terzaghi's assess~

e

ment of rock loads, or more vecently through the adoption of the so-called
Kastner formula (Kastner, 1962), the effect of size has been considered in

design of the support and lining systems as far as the u” imate loading is

TR E R o AP i

concerned.

From a review of the literature, it seems quite clear that the effect

: of the size on the standup time of gouge material is much more significant.

The problems encountered increase drastically as the standup time increase
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exponentially with che active span (Lauffer, 1958). The active gpan i as

It

mentioned the width of the tunnel or the distance from the supporzed part to
the face if this is less than the width of the tunnel. While 1t may be feasi-

ble to drive a pilot bore through gouge material without problems that cannot

f

e A LAY

reasonably be handled, it may be completely unfeasibie to drive a large

fit

tunnel full face or even with a top heading through the sane material without
danger of collapse at the face. The case history from Straight Creek Tunnel
clearly shows this. It does not seem possible at present to state in
numexrical terms when the size in a given zone simply is too large to haadle
and a multiple drift method of excavation becomes necessary. Such a decision
rests fully on an engineering judgement in the individual case.

The method of support or reinforcement influence zhe ouccome by how
quickly they can and are applied after excavation, and the amount of deforma-~
ti 2 that they will allew. Using steel supports, a major problea has sometimes
been to get invert struts in place close to the face.

The orientation of the opening in relation to the strike and dip of an
individual fault or seam can have a ccnsiderable influence on the stabi.ity
of the opening. 1In general, the problems increase as the strike becomes more
parallel to the opening. However, even if the strike is across the opening,
low-dipping seams and faults can represent a hazard., If the cpening zis
driven from the hanging wall side, the discontinuity will first appear at
the invert and it is most often possible to prepare for adequate support or
reinforcement when driving through the rest of the zone. If, on the other
hand, the opening is driven from the foot wall side, the zone will first
appear in the crown, with the possibility of the wedge aligned by the zone

and the tunnel falling in without warning.
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Seemingly, the problems associated with a fault or seam would increase
with the width of the discontinuity. However, this factor sh>uld always be

assessed in relation to the attitude of the discontinuity and to the fre-

quency, orientation, and character of adjacent joint sets, the existence of
adjacent seams or faults (if any), and the competence ~»f the wall rock type.
As will be summarized later, several severe slides in iunnels have cccurreld
where each individual seam or fault have been of a small width, but where
the interplay between several seams and joints has led to instability.

On the other hand, it is rather obvious that as ths width of a fault
zone increases to the same order of magnitude as the size of the opening and
beyond, the problem of excavating safely through the zone increases. At some
point, the gouge material becomes the rather dominant factor over the compe-
tence of the wall rock an the properties of the discontinuities in the wall
rock. It is no longer possible to "span over" the fault.

The water regime can influence the stability in several ways. It is
generally accepted that Jriving through gouge with seeping water means heavier
ground than gouge without seeping water. In running ground, water may lead
to collapse of the face almest immediately upon excavation. In swelling
ground, water may lead to free swell with subsequent loss of strength and
wash-in or fallout, or to rapid mobilization of swelling pressures where the
swelling clay is confined. Seeping water may dissclve porous of flaky calcite,
and may thereby lead to instability.

It has been noted in several of the case histories that are summarized
in the following chapter that influence of the water in terms of swelling,
dissolving, and outwash is not necessarily ob~iwus during coastruction.
Therefore, a long time effect may easily be underestimated during the con-

struction period, and the measures taken to insure long time stability prove

inadequate.
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As meutioned earlier, a real hazard exists where large quantitites of
water in a permeable rock mass is released when an impervious fault gouge
is punctuzed through excavation. In this instance, large quantities of
gouge and rock can be released when the water inflow occurs.

The state-of-stress in a rock mass will as mentioned before not
necessarily reflect itself in the density of gouge material. This seenms
particularly true when studying gouge on a "local" scale. On a iarger scale,
and in particular for very wide fault zones, it must be expected that the
in situ stresses in the gouge increase with depth and aiso will reflect
tectonic or remanent stresses in the area. Therefore, the loads that may
develop through squeezing must be expected to be related to the overalli in-
situ stress for wide fault zones.

Finaily, the stability of the opening will depend on the character of

the gouge material.
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B. Examples of Siides

Some examples of slides in tunnels asscciataed with faults and seams are
summarized below. The purpose is to elucidate the problems discontinuities
may cause, both at the face and later.

Seeimeier (1959] reports on a slide that tuck place at the face of a
11.4 mz tunnel near Hieflauf irn Austria. The general rock types encountered
were dolomite, slate and limestone. An almost vertical "chimney"” with a
diameter of approximately one meter formed along the intersection of two faults
to a height of 8 meters above the tunnel invert. The gouge material was
brecciated limestone in & clay matrix.

Bistritschan (1956) reports on several slides that occurred in the
pressure tunnel and diversicn tunnel of the Sariyar Hydroeleccric Flant i
Turkey. The tunnels are situated in Paleozoic sedimentary rocks with scme
volcanics. Collapses took place in both tunnels due to a fault zone car:zying
heavily sheared serpentine, partly ground to clavey gouge. At the same place
where a 200 m3 slide occurred while the top heading was driven in che pressure
tunnel, a 1500 m3 new slide occurred during benching.

Brekke and Selmer-Olsen (1965) describes a number of slides in tunnels
in Norway associated with the presence of swelling clay. One slide developed
at Tuansiddalen during the excavation of a 35 mz tailrace tunner through a
system of thin fiederspalten carrying montmorillonitic gouge. In addition,
the feldspars in the wallrock had been altered tc moatmorillonritic clay.
During excavation, the fiederspalten seemingly did nct represent a problem.
In an area with seeping water, however, swelling with ensuing sloughing and
sliding started withinm one week.

The zecognition of potential problems of this type 1s oiten dirficult

when the gouge and wallrock is dry and appear to have considerable competence.
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WahlsCrom (1948) mentions several examples attesting to this, a2s do Rossar
(1965) and Morfeldt (1965).
At the Tokke IV powerplant, a montmorillonitic breccia immediately

3 of this material filled

fiowed into a 35 mz tunrel after blasting; 150-200 m
up the face of the tunnel. The tunnel was then driven around the sliding
area at a distance of approximately 25 m. When the same occurrence was en-
councered again, the montmcrillonitic material had a considerably higher
consolidation. This is an example of the variation in consolidation that
can be found locally within the same occurrences.

A 4 km long water tunnel (5 mz) in Caledonian rocks at Skogn, north
of Tromdheim, was driven through a zone of montmorillonite-infest~d rock.
After one week, sliding occurred, and the tunnel was almost completely
filled up with slide masses ovexr a distance of 4C meters.

Es A siide involving partially colilapse of an unreinforced -oncrece

lining, occcurred in the Kvineshei railroad tunnel in 1948, 8 years arter che

=
#
=
g
%
é
%
S

3

B tunnel had been finished. A pipe-like cavity with a diameter of 4-6 meters

- and a height of 34 meters above the railroad tracks had developed a2iong the

intersection of a montmorillonite - carrying joint and a brecciated zone

of porous calcite and partially altered granitic blocks. t was assessed

3
b
g

that the porous calcite through the years had dissoived, giving space for

free swell of the montmorillonitic material. This again lubricated the wmass
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4
2

in the "pipe." An ensuing earth pressure on the lining, possibly combined

% vith hydrostatic pressure, led to the partial collapse of the lining.

| In a headrace tuanel at the Hemsil I powerplant, driven through
Caledonian rocks, a dominant system of faults and seams with a directicn
approximately perpendicular to the tunnel axis was encountered. The thick-

ness of the individual seams and faults varied from under 1 ¢m to zones up
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to 8 meters. During the construction period, the presence of montmorillonite
in the filling material was realized, and the parts of the ftunrel that were
considered dangerous were lined with concrete. Smaller and more separate

seams were sealed with unreinforced shotcrete. After the tunnel had been in

3

operation for about o months, a slide of aboutr 200 m3 with up to 3 m~ blocks

took place in 1960. A 2-1/2 meter wide section along the tunnel that was
inter-woven with thin, chloritic joints between two montmerillonite-carrying
seams, each a few centimeters thick, had bzen released along these seams and
had slid cut and filled the tunnel. The slide went approximately & meters up
from the tunnel rxoof, corresponding with the hydrostatic pressure at this
place when the tunnel was filled with water during operation, At several
other places in the tuanel, "purcturing" of the shotcrete had aiso taken
place but withouc causiaig more serious slides.

Detzlhofer (1968) discusses slides in several pressure tunnels. In
the 12 m2 Kauner Valiey pressure tunnel in Austria, 5 slides occuired upon
de-pressurizing a 1.4 km long test section that was partly reinforced by
shotcrete and wire mesh. The crystalline rock mass was incersected by
numerocus seams and joints, many with clay fillings and slickensides. The
sliding masses for thc different slides ranged fror 90 m3 to 1550 m3.

Detzaibefer o’<.. discusses the fezilures found after 7 years of operation
in the Kemano-Kitimat pressure tunne. in British Columbia, originally re-
ported by Cooke et. al. (1962). The major failure involved 15,730 m3 of
slide masses. Faults as well as many minor discontinuities were filled
with easily crodable gouge and partially with soluble calcite. Shotcrete

as applied proved inadequate in ansuring long-time stabiiity.
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Une of the must severe cases of high water inflowy associated with faalts

occurred in the San Jacinto tunnel near Batcing, California (Thompson, 1966).
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A number of faults were intersected by tne tunnel. The hanging wall side of

the faulis was heavily jointed and highly permeable. Driving the tunnel towards
the hanging sides of the rfaults did not involve very serious problems since

the rock mass was drained over a period of time prior to reaching the fault.
However, when the faults were approached froa the foot wall side, no pre-
drainage could take place due to the impervicue gouge material in the faults,
and sudden inflows of water occurred. The maximum flow from one point

reached 16,000 gpm. and from all headings the peak fiow was approximately
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40,000 gpm. Up to 3,000 cubic yards of crushed materiai surged in together
= wvith water through the ruptured diaphregm represented by faulit gouge. Water
pressures of §00 psi were measured in a fow instances, and pressures ranging

kS
- from 150 to 300 psi were common.
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VI. TESTING PROGRAM AND CASES STUDIED.

A._Testing Program

The purpose of the testing program is to study the properties in detail
of selected gouge materials in order to establish some simple methods and
techniques that may yield pertinent informatiZon on the potential behavior
of tha gouge material. It is appreciated that large-scale in situ tests,
and carefully executed triaxial tests on undisturbed samples may yield
more accurate information then can be obtained by the simple tests being
evaluated. The advantage of the latter is that they can more easily be

done and therefore find wider application.

Sampling

Sampling is carried out using a polyutherane foam for protection
both against mechanical disturbance and against loss of porewater. The
samples are wrapped in aluminum foil and polyethylene sheets, placed on
polyutherane stock in cardboard boxes, and then foamed. This method has
worked very well. One advantage is that test specimens for direct shear
testing can be cored through the fo2m, which acts as a confinement and
prevents the block to be cored from falling apart.

Block samples were taken immediately after axcavation whenever possi-
ble. These samples ate quite close to being undisturbed, although the
effect of blasting and the immediate relaxation towards the opeaing may

have led to some remolding.

Composition
X-ray diffraction is being used as the major method for mineral

identification, using total sample crushing and sedimented specimens

(approxinmately 20 mg per square inch).
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Additionally, DTA and dyes tests are available for wineral identi-

fication.

e
=
5
£
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¥

Gradation

Standard techniques are used te find the grain size distribution for

the samples. Of major interest is the clay content in the samples.

? = Atterberg Limits

The liquid 1limit, plastic limit, and shrinkage limit are the water
content between respectively the liquid/plastic, plastic/semisolid and
semisolid/solid state. The testing rocedure is standardized.

It has long been recognized that the Atterberg Limits of a argilla-

ceous s0il correlate quite well with potential behavior of the soil. 1In

this regard, Terzaghi (1926) wrote "If we know the three limits of a soil

g,

Y,

we are already in a position to compare this soil with others and can at

WAL B NS

least anticipate what its properties may be. 1f we know in addition the
result3s of physical tests nerformed on another soil with fairly identical

e - ~imirs we can say the soil is known."

Skempton (19533) defined the ratio of the plasticity index to the clay

fraction content as the "activity" of the clay. He showed that activity

is related to mineralogy and geologic history of clays and to the portion
of the shear streangth called true cochesion.

It is hoped that the Atterberg Limits and the activity of clayey 5
gouge materials will prove to be significant parameters for assessing their

potential behavior.

Direct Shear Test

Obtaining reliable values for the strength of a gouge material is

i i difficult because it is very hard to retrieve undisturbed samples. .The ;
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in situ state-of-stress in the gouga is usually unkncwn and the correct con~-
fining pressure for testing, is therefore difficult to &ssess, and finally it
is questionable how representative the test specimens are for a given gouge
in view of the nonhomogeneous nature of such materials.

The direct shear test was selected as the appropriate test to obtain
strength data for the sampled fault gouge. Valuable additionai information
can also be obtained from this test. Samples can be consolidated in the
direct shear apparatus to obtain the compressibility of the material. The
maximum past pressure that the gouge has been subjected to can be approxi-
mated from the consclidation curve. Such data might approximate the in situ
stresses ncrmal to the fav't.

Testing is carried out in a Carrol-Warner direct shear apparatus at a
strain rate of 0.2"/minute. Both the initial and residual strengths of the

gouge are measured.

Swelling Tests

The relative potential swellability is being measured through a free
swell test anl a swelling pressure test, using a Genecr swelling apparatus
(Brekke, 1965). The tests arc performed on specimens of the clay fraction

in the gouge.

Slaking Test

Recently, a slaking apparatus developed at Imperial College in London
has been obtained. This apparatus is basically designed to test the dura-
bility of shales. However, it is felt that it may be well suited for testing

the slaking characteristics of gouge as well.

SEOF A e o
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Penetration Testing

Penetration tests are fairly rapid and simple to perxrform and may prove

to be a valuable tool in assessing the physical properties of gouge.
For a purely cohesive material (¢ = 0), the bearing capacity is defined

by the equation:

q=cNc +P (Meyerhof, 1951)

the ultimate bearing capacity, or penetration resistance

£
=2
L]
"
[
o
[ ]

the undrained shear strength

A
(2]
]

2z
[p]
L]

the bearing capacity factor

P = the overburden pressure

RS TR T PR

Generally Nc is taken as 9.5 and the overburden pressure, P, is neglected,

and the equation becomes
¢ = g/Nc = q/9.5 ;
However, most soils are not purely cohesive and the value of Nc does not ;

remain constant.

In recent studies of the penetration resistance of soils a method has
i been developed by Durgunoglu (1972) which determines the ¢ and c strength
relationship from penetrometer data. In order to obtain specific values of ¢
and ¢, however, the method requires that one of the two be defined by other
means.

A field penetration device was developed for field testing. The device

is hydraulic and consists »f a small pump, a pressure gage, and a pisten.

% Several lengths of threaded pipe are used to position the piston prior to

penetration. Pictures of the device were included in the semi-annual report.
During field use in the Straight Creek Tunnel the penetrometer proved to

be slightly smaller than that needed to cbtain good results. The pisten rod

deflected excessively during penetration. However. thz results cobtained are

— - %
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useable. A stronger device will be used in future field work.
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Apart from that already mentionad, iaterpretation of the stress—
penetration curve can take several forms. Housten and Namiq (1970) correlated
the slope, G, of the curve with the density of a basaltic lunar soil simulant.

Another correlation might be the area under the curve.
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B. Cases Studied 4
Straight Creek Tunnel
3

The Straight Creek Tunnel (Colorado Division of Highways) was selected ¥

for 2n extensive study and sampling program. The tunnel site 1is in central 3

Coloradc about 55 miles west of Denver. The tunnel will carry Interstate 70

Ty

traffic under the Continental Divide. The tunnel presently under construction

Nt w

is the future west bound lanes. A second tunnel fer the east bound lanes

[T L TP TR

will be constructed later.
- ¢ Robinson and Lee (1962, 1963, 1965) did the major geologic effort prior
to and during construction of the pilot bore; a 13 foot diamter bore used

for exploration purposes. Abel (1967) used data from the exploraticn tunnel

for a statistical evaluation of tunneling conditions. Scott et. ai. (i96¢),

Fa Ay W B B e Bl AR A &

correlated data from seismic refraction and electrical resistivity measure-
ments with tuaneling conditions. A weaith of additional information is

available in unpublished reports from the Colorado Division of Highways and

S L R TR M e

my

the U.S. Bureau of Reclamation.

wan

The rock of the area consists of Precambrian granite and a variecy
of biotite gneisses which occur as inclusions in the granite. The bedrock
has been extensively faulted and sheared and locally altered. The bedrock
ig overlain by thin deposits of alluvium, talus and landslide materials of
Quaternary age.

The granite rock is light gray with, in some cases, a pirkish tint.

It is composed of plagioclace, microcline, quartz and hiotite. Irregularly

SR AL BT L s U vt Y T T A RN

shaped pegmatite bodies occur within the gr-~nite and consist of pink micro-

e TN

cline and quartz with some biotite or muscovite.

ey

The metasedimentary rocks are fine to medium grained and with plagio-

clase, quurtz aud biotite as major constituents. The rock is foliated wich
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with layers up to 1 inch in width. Locally, the biotite is altered to
chlorite, and in shear zones the feldspar is altered to clay.

The extensively sheared and altered zones are associated with the
Loveland Pass Fault that intersects the tunnel at approximately the mid-~
section. The zore consists of numerous faults or shear zones with varying
character. Generally, fault gouge in granite enviromment appears as a
coarse sand witn typical running or flowing character. In zome cases, the
feldspars have been altered to clay. In the metamorphic rocks, the gouge
is generally chloritic clay.

A number of different instruments have been installed in the tunnel
with the objsctive of monitoring the behavior of the rock and the suppert
systems. The data obtained will be used to correlate laboratory-measured
properties of the material, in-citu measured data, and fieid observaticn
of problems during construction.

Gloetzl celis have been installed between the rock and the concrece
iiner in order to measure the loads developed as construction proceeds and
later. Micvrodor strain gages have been welded to the steel rib supports and
reinforcing bars in order to provide information on the development of strains
in the primary supports and later in the final support system. A fairly
simple type of instrument is the tape extensometer, used to obtain measure-
mencts of rock or support mrvement. The deformation measurements are then
plotted against time to give information on the time rate of movement and if
and vhen movement stops.

Saunpling was carried out in several of the multiple drifts as they.
advanced to insure that there wculd be as little moisture loss as poessible.
Block samples were carefully cut from the walls, sealed in ailumiaum foil and

plastic bags and further protected by polyutherane foam before they were
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removed from the tumnel. The samplec are presently being teszad in the
laboratecry. Test results which aze available at this time are presented in
Appendix A.

The results of the field penetration tests are inciuded in Piates iA

through 5A. Test 1 and 2, Plate 1A, were taken in a soft chlcratic clay

gouge in an area with typical squeezing behavior. Tests 5, 6, 7, 8 were
performed in a green clayey sand-iike gouge in a3 2 foot wide shear zome
through granite rocks. This material was wet and showed typical running
behavicr. Tests 9 and 11 cn Plate 3A represent the rasults of tests in
altered granitic rccks. The materizl is a clayey coarse sand giving
moderate pressure on the sets and with a ravelling-type behavicrs. Test 12Z
was taken in a small green clay seam between shist blocks and tests 13 and
14 were in altered granitic material.

Plates 6A and 7A give the results of grading analysis for Samplies No.
14 and 15. Beth samples were taken at the face of the soucth wall piace

drift at Station 83+25. Further testing 1s underway on this material.

Twin Buttes Mine, Arizona

The Anaconda Company has preovided much data associated with a system
of faults through a large open pit mine in southevn Arizona. The problem at
the site is caused by the intersection of two families of faults and the
southern face of the pit. Small wedge slides occurred along this face; the
slides taking place along the fault planes, and have cumulated in the in-
stability of the entire southern wall. The Anaconda Company has undertaken
an extensive investigation into this problem and have provided data and
sampies to this project. The data has been tabulated and is presented in

Appendix B, Plate 1B.
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The data has been analyzed in terms of correlating the strength~
consolidation pressure with the Atterberg Limits and the percent material
passing the 200 sieve size.

The assumption in this analysis is that the direct shear test approxi-~
mates a consolidated-undrained condition. With this assumption, the strength
and consolidation pressure can be obtained. The assumption was not valid
in the case of the Twin buttes Mine samples because they were desiccated
prior to, and not saturated at the time of testing. The correlation ohtained
were poor. Ilowever, other correlations will be attempted since it is felt
that the testing performed represen:ed the in 3itu condition at the time of
failure.

The mineralogy of the camples were obtained by X-ray defraction
techwigues. The resitlts of this study are given in Appendix B, tlate
2B.

Strength test data for the Twin Buttes material is given on Piliates 8a
and 9A and summarized cn Plate 10A. Plate 11A presents the resuvits of a
congsolidation .est perfiormed on this material. Pl.te 12A is the grading
analysis. The material is a mottled tan and grey silty clay with small rock

fragments.

Aubura Dam Site, California

The Auburn Dam will be a thia, double curvature concrete arch dam about
685 feet high with a crest length of about 400G feet.

The site of the dam is in a brecad V-shaped canyon of the North Fork
of the American River. This region is cul: by several northwest striking
faults. Wallace and others (1269) report that the foundation of the dam
consists of a steeply inclined sequence of metamorphic rock made up mainly

of amplhiibolite. Talcose and chloritic schists wiih some serpentine make
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up the remainder. Discontinuities include faults, shear zones, joint-set
and cleavage planes.

The test program carried out by the Bureau of Reclamation included
in situ jacking tests, both radial and uniaxial, and in situ shear tests
on joints, shears and other planes of weakness. Laboratory tests were also
performed on gouge and further testing is presently underway at Berkeley.

Test results for the Auburn Dam Site are given in Appendix A Places 13A

through 20A.

Direct shear test results are given on Plates 13A throvgh 17A.
Plate 18A is the Shear Test Summary followed by the consolidation test

results on Plate 19A4 and the grading analysis on Plate 20A.

Nast and Hunter Tunnels

The Nast and Huncter Tunnels area part of the Bureau of Reclamation's
Fryingpan - Arkansas Project. This project is a multipurpose weter de~
velopment in central and southeastern Colorado. The purpose is tc divert
water from the western slope watersheds in the Colorado River Basin tc the
Arkansas River Basin east of the Rocky Mountains.

The Nast Tunnel is 3 miles long through a light grey quartz monzonite.
The tunnel is advanced using a 9°'9" dismeter German made tunneling machine.
The Hunter Tunnel is to be 7 milaes long and is being advanced using con-
ventioral methods. In beth tunnels these will be sections with wo support,
shotcrete, and concrete lining.

Both tunnels are through a relatively homogeneous granite-quartz won-
zonite. Gouge material is associated with generally small discontinuities
although there are some shear zones up to 200 fee% in width.

These zones contain a highly altered fault breccia that swell or

squeeze into the tunnel at a rate of about 1 inch per month. The zones
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are steel supported.

L .

Standup time is another problem associated with the gouge,

being  slightly over 2 hours at which time the material starts to spall

LALTERR sl

and slough into the tunnel. This has been a problem in the Nast Tunnel

because it requires more than 2 hLwaurs to advance the tunneling machine 1

full length.

E These two tunnels afford an excellent means to compare tunneling

methods as related to stability problems. Samples of gouge are presently

E being collected by Bureau personnel as faults znd seams are encountered.

Additional Data

E: The U.S. Army Corps cf Engineers encountered slope stability problems

at the Libby Dam site. These problems are associated with sliding along

: clay filled bedding plane joints. The Corps of Engineers has recently

A

&

kindly provided the data obtained from testing the gouge including gradatiorn

curves, strength tests and consolidationr tests.
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VII. A TENTATIVE CLASSIFICATION OF GOUGE MATERIAL

P kg, TR GRRTOR

ol v

Based on the preceeding discussion, a tentative classification of gouge

2

matecial is presented in Table 1. The basic division is made according to the

R R i

material that dominates the properties of the gouge. It is not necessarily

et

the most abuadant material.

Ic is clearly understood that gouge in a given fault zone being a com~

Ay
S b G Y A X R L g

E plex material may well nverlap several of the classes suggested, e.g., porous
or flaky calcite bands in a swelling clay matrix.
There is also often a rather subtle distinction to be made between

: "swelling clay" and "inactive clay." 1In sume clayey gouges, a small amount

of montumorillonitic material may dominate the behavior, and the gouge
therafcre be classified as swelling. In other instances, the clavey gouge
may be rather inactive in spite of a substantial content of montmorillenicic
material.

The third group is intended to cover blocky gouge material that is
heavily inteiworn with siickensided seams and joints filied cr ccated with
the minerals listea. The characteristic property of such gouge is low shear
stren: i, in ps :ular whea wet.

The fourth group covers gouge with a typical cohesionless behavior.
Tae major problem associated with such gouge is the short stand-up time.

The fifth group involves only long-~time stability.

7he potential behavior is listed in summary for "at face" and "later."
It is cemmon to distinguish between loads on the primary support, reinforce-
ment, or lining system installed to ensure stability during construction,

and loads in the final reinforcemert or lining usuaily added to ensure

stability for the lifetime +° the structure. The time expired between the
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two stages can, however, vary congiderably from castiné of the final lining
~¢ the face to casting several months after exczvation. It is therefore con-
sidered more meaningful to use the proposed distinction. "At face" relates
to the difficulties javolved in driving through the fault zone, “later" to
the adequacy of arplied methods of support, reinforcement and lining.

The third column in Table 1 lists the pertinent propertie - and parameters
associzted with the different types of dominant material. It has not been
considered feasible at this stage to quantify the properties.

The last column includes all factors that influence the actual behavicr

in situ of the gouge material.
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Plat: 18
TWIN BUTTES MINE

Testing Summary
. Sample  S/P  Sy/P LL PL  PI  -200
1 3.35 1.80 50 22 28 73
2 - - % 17 17 77
b 3 5.40 2.60 52 24 28 71
4 8.00 3.5 52 24 28 62
5 - - 79 33 46 80
3 6 5.30 2.00 58 23 3 88
7 3.40 1.70 38 19 19 87
8 4.40 2.30 42 20 22 88
- 9 - - 45 23 22 49
7 10 4.70 2.70 58 25 33 43
11 4.50 2.90 52 24 28 36
? 12 3.30 2.10 40 25 15 58
13 - - 46 40 6 27
3 : 14 1.75 1.75 56 38 18 44
3 15 1.79 0.85 40 19 21 54
: 16 1.70 1.35 67 20 47 97

17 - - 32 16 16 73
2 18 - - 36 15 20 70
19 2.75 1.50 43 17 26 81

20 3.30 2.7 32 16 16 70
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Plate 2B

TWIN BUTTES MINE

Mineralogy Study
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Sample Minerals % Sainple Minerals %
1 Quartz 69 7 Quartz 65
Montmorillonite 25 Feldspar 19
Feldspar 6 Montmorillonite 12
Illite Trace Illite 4
2 Quartz 85 8 Quartz 72
CaCO3 15 Feldspar 17
Montmorillonite 1l
Illite Trace
3 Quartz 49 9 Quartcz 7
Montmorillon. e 3 Feldspar 15
Illite 8 Montmorillonite 7
Feldspar Trace Illite 7
4 Quartz 57 10 Quartz 80
Montmorillenite 39 Feldspar 8
Feldspar 4 Montmorillonite 6
Iilite 6
5 Quartz 65 11 Quartz 66
Montmorillonite 19 Feldspar 17
Illite i Montmorillonite 12
Feldspar Trace Iilite 5
6 Quartz 75 12 Quartz 59
Montmorillonite 11 Feldspar 21
Feldspar 10 Montmorillonite 12
Illite 4 I Illite Trace




